Small-scale convection under the oceanic lithosphere which begins in the first 5 m.y. of cooling can produce a gravity signal with the amplitude and wavelength observed for large areas of the central Pacific and southern Indian oceans using Seasat altimeter data. The trend of the observed anomalies is parallel to the direction of plate motion as might be expected if they were produced by small-scale convection. Models predict that the wavelengths of gravity anomalies increase more rapidly with age than is observed. The persistence of short relatively uniform wavelength anomalies (< 200 km) to crustal ages of 50 Ma may indicate that they were produced when the lithosphere was very young and thin and were "frozen in" as cooling thickened the elastic lithosphere. Small-scale convection which begins under very young lithosphere does not violate other geophysical data such as the rate of seafloor subsidence and variations of geoid height with age. After convection has begun, the subsidence due to thermal contraction within the lithosphere varies linearly with age, in the absence of mantle heat sources, although the rate of change of these quantities is affected by convection. Much of the variation of the geoid height across fracture zones can be fit by a model which includes small-scale convection.
INTRODUCTION
Convection beneath the oceanic plates on a scale smaller than the horizontal dimensions of the lithospheric plates has been suggested to explain several geophysical observables. This provides one suggested explanation for the deviation of seafloor subsidence with age from that predicted by simple conductive cooling of the oceanic lithosphere [Parsons and McKenzie, 1978] . More recently, in their analysis of Seasat altimeter data, Haxby and Weissel [1986] have noted linear gravity anomalies which trend in the direction of plate motion. They have suggested that these features may be the result of small-scale convection. Based on theoretical considerations, Richter [1973] predicted that small-scale convection should take the form of two-dimensional rolls with axes oriented in the direction of plate motion, thus providing an explanation for the form of the observed gravity anomalies. In this paper we describe numerical calculations aimed at understanding small-scale flow which may occur under the oceanic plates. The purpose of this work is to investigate whether models which are consistent with subsidence-age data for the oceans and other geophysical data can produce the observed gravity features.
We first review previous work on small-scale convection and then discuss the formulation of approximate models of convection and the calculation of several geophysical observables predicted by the models. A range of models is considered based on laboratory measurements of physical properties of mantle minerals and estimates of mantle viscosity. The predictions of the models are compared with data for subsidence of the ocean floor and gravity for the oceans.
A number of investigations have been carried out on the [1984] considered a temperature-and pressure-dependent viscosity, thus avoiding the need to define a lithosphere of constant thickness. However, the wavelength and depth of penetration of the flow were prescribed, and little variation of the viscosity parameters was considered. Because these studies were concerned with the approach of the lithosphere to a thickness in equilibrium with the background mantle heat flux, convection was driven by both heating from below and heating from within. The purpose of this study is to calculate the effect of smallscale convection on the cooling of oceanic lithosphere which is less than 70 Ma in age. We consider viscosities which are in accord with laboratory and geophysical estimates for the mantle. A wide range of viscosity parameters were studied in order to estimate the sensitivity of the convecting system and to identify the values which can match geophysical data on oceanic lithosphere. In our formulation the boundary layers can go unstable and convection begin at a time which is determined by the viscosity parameters. In our problem the lithosphere and the convecting region are allowed to interact, and the thickness of the lithosphere changes with time. We consider the viscosity to be temperature-and pressure-dependent, but we do not constrain the wavelength and depth of penetration of the convection in some of the calculations. In the first 40-70 m.y. of lithospheric cooling, heat sources in the mantle should have a small effect on the rate of cooling. Therefore heat sources are not included in these models.
MODEL FORMULATION
Small-scale convection in the form of rolls with axes parallel to the direction of plate motion is illustrated in Figure 1 . As in previous studies [Houseman and McKenzie, 1982; Fleitout and Yuen, 1984] , we simplify the three-dimensional problem to consider only two-dimensional flow in a vertical plane parallel to a ridge crest. In doing so, we ignore the effect of vertical gradients in horizontal velocity perpendicular to the ridge and both the thermal and mechanical coupling between vertical planes parallel to the ridge. As a result of this assumption, the effect of vertical shearing by plate motion on the thermal and mechanical structure is also ignored. These approximations reduce the problem to one of time-dependent two-dimensional convection. The plane of the calculation is considered to move with the plate, so model time corresponds to the age of oceanic lithosphere and is proportional to distance from the ridge crest.
The depth of penetration of the small-scale cells into the mantle must depend in part on the structure of the large-scale flow. Here, we consider no penetration deeper than 400 km since we are mainly concerned with the effects of small-scale convection soon after it has begun, when the cells are of small vertical scale. For greater penetration depths, the interaction of the large-and small-scale flow will almost certainly be more complicated than we assume here. Also the gravity anomalies described by Haxby and Weissel [1986] generally have wavelengths of about 200 km. The depth of penetration of convection cells should be of the same order as the wavelength of the gravity anomalies they produce, as will be seen in the model results.
With these assumptions and simplifications our problem reduces to studying thermal convection in a box of variable viscosity fluid driven by cooling from above. This box is shown in Figure 2 . We define a region of calculation (or box) to be of width L and depth D. In that region we solve the two-dimensional Navier-Stokes equations for mass, momentum, and energy conservation [Batchelor, 1967- The governing equations were solved using finite difference approximations with centered differences for the diffusion terms and upwind differences for the advection terms. Forward time stepping was used for the time derivatives. We used variable spacing of grid points in a difference scheme developed by Parmentier [1975] . This allowed higher resolution in the regions of the largest gradients of viscosity and flow, without an excessive number of points overall. In the region of highest resolution the grid spacing is uniform, so formal second-order accuracy in the centered difference approximations is preserved [Roache, 1982] . The grid point positions are shown in Figures 3 and 4 as marks around the boxes.
Resolution of the solutions on the grids used here was established in two ways. First, the numerical experiments were done on successively refined grids until the same results were achieved on two different grids. Second, the heat flux out of the grid was compared to the average rate of change of temperature within the box to ensure conservation of energy.
Cases 12 and 20, described later and in Table 2, 
where E is the activation energy, V is the activation volume, A is a constant varied to adjust the average viscosity, and R is the universal gas constant. At the top of a cooling variable viscosity fluid, temperatures are low and temperature gradients are high. Therefore viscosity, given by equation (1), in the top of the box can be so large that flow is negligible in that region. In this lid, which is analogous to the thermal lithosphere, heat transfer takes place exclusively by conduction. Below this region convection is the dominant mechanism of heat transport. Since we are consider- bottom. Both thermal and stress boundary conditions on the vertical sides are equivalent to a reflection condition.
A horizontally uniform initial temperature resulting from 5 m.y. of conductive cooling with an initial box temperature T m of 1300øC is adopted. Convection may begin earlier than this for some of the viscosity structures we examine, but temperature and viscosity gradients are so large at smaller times that they are difficult to resolve even on relatively fine grids. To induce convective motion, two types of initial temperature perturbations are superimposed on the horizontally uniform temperature profile. In the first, a random perturbation of less than 1øC was introduced at each grid point. In the second, a periodic temperature perturbation with a wavelength equal to twice the width of the box and with a IøC amplitude was used to induce the growth of only one convective wavelength.
A list of the model parameters which are common to all the numerical experiments is given in Table 1 . The average viscosity (expressed as a reference viscosity and controlled by parameter A), the activation energy E, the activation volume V, the width L, and depth D of the box are varied from one calculation to another, as listed in Table 2 . A random initial temperature perturbation was used in only one of the models. This is ca•e 15 which was also carried out in the widest box. Values of/• determined from the present models are given in 
This model is designed to examine changes in the depth
where T•(z) is the horizontally averaged temperature at a depth z. This expression is valid only if the density variation producing the anomaly is isostatically compensated and small in vertical compared to horizontal dimensions. Thus it should be valid as long as variations in temperature and therefore density, below the lithosphere are small as should be the case for the geoid offset across fracture zones. The gravity anomaly at the top of the box is also calculated from our models. Three components contribute to the anomaly. One is due to temperature and therefore density variations in the box. A second is due to the deformation of the top surface of the box as a result of convective stresses. Third, vertical normal stress variations due to horizontal temper- The gravity anomaly at a point above the surface due to an elevation anomaly is calculated assuming that the extra mass due to the surface elevation can be considered an infinite sheet at a depth of 4 km below the sea surface. This is a good approximation for features like those discussed here with a wavelength greater than several tens of kilometers. Then the total gravity anomaly caused by elevation is given by the sum of Go, which is the part of the signal produced by flow stresses (azz), and GL, which is the component due to the stresses produced by the temperature variations in the lithosphere (at).
Finally, the average heat flux out of the top of the box (Qs(t)) is given by the product of the average temperature gradient at z = O. and the conductivity K. 1 fo 1: dT dx (9)
where dT/dz is estimated using a centered finite difference approximation.
RESULTS
The results of a calculation (case 15) within a box representing a 400 x 400 km region of the mantle are illustrated in In cases 17 and 19 the initial single cell broke down into two cells. Case 19 has the same viscosity parameters as case 20, but the width of the convecting region is twice as great (see Table 2 ). Case 17 has the same box size as case 20. Cell breakdown occurred because the initially preferred wavelength of instability was smaller than the box width.
Several general relations between the geophysical observables calculated for this set of models should be pointed out. One of the most obvious is that the rate of change of the temperature structure of the conductive lid varies inversely with the average viscosity in the boundary layer and also depends on the activation energy E. The convective heat flux controls the variation of the average lid temperature TL with time ( Figure 5 ). For case 14, which has an average viscosity 5 times that of case 20, T•. decreases more slowly from the conductive value. This same slow change is clearly seen in the rate of decrease in dH/dt shown in Figure 7 and in the slow increase in the amplitudes of the gravity components in Figure  9 . For case 18, which has nearly the same initial viscosity in the region below the boundary layer but a lower activation energy E, growth is faster than for case 14. The decreased temperature dependence of viscosity for case 18 results in a larger heat flux to the base of the conductive lid. This would result in a much larger increase in the wave-length of the gravity anomalies than is observed. Topography must be supported by the strength of the elastic lithosphere as it cools and thickens, and to preserve a relatively constant wavelength, it must be "frozen in."
